We have performed high-resolution angle-resolved photoemission spectroscopy (ARPES) with synchrotron radiation on layered transition-metal dichalcogenide 1T-VSe 2 to study the mechanism of the three-dimensional charge-density-wave (CDW) transition. We found that the Fermi surface around the M(L) and K(H) points shows considerable wiggling along the wave vector normal to the layer (k z ) despite the apparently two-dimensional crystal structure.
not tunable in the experiment.
In this paper, we report high-resolution ARPES on 1T-VSe 2 with tunable-energy photons from synchrotron radiation. We have succeeded in directly observing the band dispersion perpendicular to the layer and found that the electronlike FS shows a considerable wiggling in the momentum region midway between M(K) and L(H) points in the BZ, producing a fairly straight portion of FS in a specific k z -region. We found that a pseudogap opens at this flat FS portion, while no signature for pseudogap opening was observed in other region. These experimental results provide a definite evidence for the three-dimensional FS nesting in 1T-VSe 2 . We have compared the present ARPES results with the band structure calculation as well as the Hall coefficient and magnetic susceptibility measurements to discuss the shape of FS and the number of carriers which participate in the CDW transition.
Experiments
Single crystals of 1T-VSe 2 were grown by the chemical vapor transport method. Starting materials were 99.5 % vanadium powder and selenium shot. Crystals were grown in an evacuated sealed quart tube by excess-selenium vapor transport at 700 • C for 7 days after being preheated at 850 • C for 3 days. The obtained crystals are platelet and as large as 5×5×0.1 mm 3 . The thermogravimetric analysis shows that the crystals are stoichiometric within a 1 % experimental accuracy. 18) ARPES measurements were performed using a GAMMADATA-SCIENTA SES-200 spectrometer at undulator 4m-NIM (normal incidence monochromator) and undulator PGM (plane grating monochromator) beam lines in Synchrotron Radiation Center, Wisconsin. The energy and angular resolutions were set at 10-25 meV and 0.3 • , respectively. Clean surface for ARPES measurements was obtained by in-situ cleaving of crystal in an ultrahigh vacuum better than 7x10 −11 Torr. The Fermi level (E F ) of the sample was referenced to that of a gold film evaporated onto the sample substrate.
Results and discussion
Figure 1(a) shows normal-emission ARPES spectra of 1T-VSe 2 measured at 40 K with various photon energies from hν = 17 to 36 eV. We at first notice a non-dispersive sharp peak in the vicinity of E F in all spectra. We also find another weak non-dispersive structure at about 2 eV binding energy. The non-dispersive character of these peaks indicates that they are assigned to Se 4p σ (4p x,y ) orbitals. 11, 12, 19, 20) In addition to these non-dispersive bands, there are several dispersive bands as seen in Fig. 1(a) . The most prominent dispersive band has the bottom of dispersion around 3.5 eV binding energy at hν = 23.5 eV and disperses toward E F with increasing/decreasing hν. In the higher-binding energy region, we find another dispersive band, which has the top of dispersion around 4.5 eV binding energy at hν = 23.5 eV and disperses toward higher binding energy on increasing hν. This band shows a bottom 2/10 of dispersion at about 6 eV at hν = 33 eV and turns to disperse back toward E F on further increasing hν . These two bands are assigned to Se 4p π (4p z ) orbitals 11, 12, 19, 20) because of the strongly dispersive nature perpendicular to the layer (k z direction). The observed symmetric behavior of dispersion with respect to the spectra at hν = 23.5 and 33 eV indicates that these photon energies correspond to high-symmetry points along the ΓA direction in BZ, namely Γ or A point.
To see more clearly the dispersive feature of bands in the ARPES spectra, we have mapped out the experimental band structure as a function of k z as shown in Fig. 1(b) . The experimental band structure has been obtained by taking the second derivative of ARPES spectra and plotting the intensity with gray scale as a function of k z and binding energy. Bright areas correspond to bands. In the process of band mapping, we have determined the inner potential V 0 to be 6.6 eV, with which the experimental band dispersion shows a good matching with the periodicity of BZ of 1T-VSe 2 . This value is in accordance with the valence-band width of about 6 eV, and is also consistent with previous ARPES report. 12) In Fig of p z and p z * bands indicates that 1T-VSe 2 has a substantially three-dimensional electronic structure despite the apparent layered crystal structure. We also find finite differences between present experiment and the calculation. Dispersive feature around 5-6 eV at k z = 2.3 -2.4Å −1 would be produced by an inelastic secondary-photoelectron emission, 12) while the spectral intensity around 1 eV at k z = 2.8Å −1 and that around 2-3 eV at k z = 3.2Å −1 may be attributed to the final-state band-structure effect and/or the self-energy effect, as has been discussed previously. 12) Next we show ARPES results near the M(L) point, since the FS in this momentum region is expected to participate in the CDW formation. 17) Figures 2(a) and (b) show the plane in the reciprocal space where ARPES measurements were actually done by changing the photon energy. It is noted that the plane is rotated by 15 • with respect to the MKLH plane. We define three axes (k x , k y , k z ) in this plane as shown in Fig. 2(b) . The reason why we chose this plane is that we can track the E F -crossing points of V 3d bands in all k z area of the first BZ, since the FS is located always midway between the M(L) and K(H) points. Figures 2 (c) - (e) show ARPES-intensity plots for three different photon energies, where we clearly find a single band which shows a distinct energy dispersion of more than 0.4 eV and an abrupt intensity drop at E F due to the E F -crossing. We have determined the E F -crossing points (denoted by arrows in Figs. 2 (c) -(e)) by fitting the momentum distribution curves, and found that the k z of E F -crossing points (k F y ) is not constant but varies systematically as a function of hν. For example, k F y for hν = 35 eV is 0.12Å −1 while that for hν = 27 eV is 0.03Å −1 as seen in in the LM direction was estimated by using the same inner potential V 0 as obtained from the normal-emission measurements in Fig. 1 . As clearly seen in Fig. 2(f) , the FS is not straight along the k z direction, showing a considerable wiggling at around k z = 2.8Å −1 and 2.95Å −1 .
In addition, the FS appears to possess a fairly straight portion between these two k z 's. We also find other straight portions of FS around the K point at k z = 3.0-3.1Å −1 and around the L(H) point at k z = 2.5-2.75Å −1 . It is expected from these experimental results that electrons on these straight portions of FS may contribute to the CDW formation by satisfying locally the nesting condition.
In order to clarify how the CDW gap evolves as a function of k z , we show in Fig. 3(a) the ARPES spectra near E F measured at 40 K at various positions on the FS shown in Fig.   3 (b). The energy position of the peak indicated by filled circles is determined by fitting the spectra with Gaussian around the peak top. We find that the leading-edge peak in the spectra is located at 20-30 meV in the k-region near the L(H) point (spectra 1-4). Taking into account the thermal broadening effect of the Fermi-edge cutoff as well as the finite energy resolution, we conclude that the peak is actually located on E F in this momentum region (points 1-4).
Next, when one moves from point 4 to point 5, the peak position suddenly moves toward the high binding energy side and finally reaches 50 meV at points 6-8. This discernible shift in the peak position is likely caused by the suppression of spectral weight in the vicinity of E F , namely opening of a pseudogap, due to the CDW formation. Observation of the Fermi-edge at this momentum region may be understood in terms of finite k z -broadening effect and/or angleintegrated background. On further approaching the K point (points 10-13), the peak moves back toward E F and is located again at 20-30 meV, indicating disappearance of the CDWinduced pseudogap. All these experimental results indicate that the momentum region of k z = 2.8-2.95Å −1 , where the FS locus looks fairly flat, participates in the CDW formation with satisfying the nesting condition, while the other two straight FS portions are not essentially important for the CDW transition. This is consistent with the experimental result from the X-ray and electron-diffraction measurements, 15, 16) which reported that the nesting vector possesses a substantial component normal to the layer. 22) To the best of our knowledge, the present ARPES experiment is the first evidence for the k z -dependent FS nesting in layered transition-metal dichalcogenide.
Next, we discuss the present observation in relation to the band calculation. Woolley and Wexler performed the layer-method band calculation 20) and found that the electronlike FS centered at the M(L) point shows considerable wiggling along the k z direction. They have argued that this wiggling enables two different k z portions on the Fermi surface to connect to 4/10 each other by a certain Q vector with a substantial k z component. In this sense, the present ARPES result is consistent with the prediction from the band calculation. However, there are some notable differences between the experiment and the calculation. One is the shape of FS along the k z direction. The present ARPES result shows that the k F point on the LH line is closer to the ML line than that on the MK line (see Fig. 3 ), while the band calculation predicts the opposite behavior. 23) Another discrepancy is on the small electron pocket centered at the Γ point. The calculation has predicted that a V 3d band enters the occupied state below E F around the Γ point, while there is no signature for such a band-crossing around the Γ point in the experiment as seen in Fig. 1(b) . The observed discrepancy between the experiment and the calculation may be reconciled by taking into account properly the p-d hybridization strength and/or the small but finite electron-correlation among V 3d electrons.
Finally we comment on the number of carriers which participate in the CDW transition.
It has been reported that the Hall coefficient and the intrinsic magnetic susceptibility of 1T-VSe 2 show a sudden drop below T c . 1, 2) Thompson and Silbernagel discussed this reduction by using the single-carrier model and estimated that 30 % of total carriers are involved in the CDW formation. On the other hand, the present ARPES result shows that the k z region where the pseudogap opens is a 1/4 or at most a 1/3 of the full BZ height (see Fig. 3 ), and it has also been found that the nesting condition is well satisfied in the portion of about 50 % of the two-dimensional FS in the k x,y plane. 17) By naively assuming that the total loss of the FS area due to the CDW formation is product of these two values, it is inferred that 10-20 % of carriers are removed from the FS below T c . This value is much smaller than that estimated from the Hall coefficient and the magnetic susceptibility measurements, suggesting that the simple single-carrier picture is not realistic to understand quantitatively the CDW formation of 1T-VSe 2 . More sophisticated analysis which takes into account the k-dependence of the Fermi velocity as well as the hole carriers at the Γ(A) point 17) is necessary in interpreting the thermodynamic properties. Thus, it would be a challenge in future to clarify the detailed FS shape, band dispersion, and CDW gap in the entire three-dimensional BZ so as to discuss more quantitatively and to determine completely the three-dimensional nesting vector of 1T-VSe 2 .
Summary
We have performed high-resolution ARPES with synchrotron radiation on 1T-VSe 2 to study the electronic structure relevant to the CDW transition. The electronlike FS centered at the M(L) point shows a remarkable wiggling with several straight portions in the k z direction.
We observed that a pseudogap opens below T c only on a limited straight portion of the FS indicative of a substantial k z component of the nesting vector. These experimental results indicate that the CDW transition in 1T-VSe 2 is driven by the three-dimensional FS nesting despite the apparent layered crystal structure.
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